INTRODUCTION
A remarkable shift in the peak spawning time of cod in the central Baltic Sea (ICES subdivisions 25 to 32) was observed in the 1990s: peak egg abundance changed from April-June to end of July (Wieland et al. 2000 , Kraus et al. 2002 , Karasiova et al. 2008 . Later spawning has consequences for several processes influencing survival of early life stages (MacKenzie et al. 1996 , Støttrup et al. 2008 . Identification of the mechanisms causing variations in spawning time is of great importance for understanding the recruitment dynamics of this stock. Ambient water temperature and fishery-induced changes in age composition can affect timing of spawning (Wright & Trippel 2009 ), but these factors cannot fully explain the delayed spawning observed in the Baltic Sea. Periods with low feeding condition are correlated with delayed spawning in Baltic cod (Baranova 1995 , Karasiova et al. 2008 , indicating that delayed spawning may also be diet related. Low energetic status, particularly lipid levels, can reduce the levels of hormones involved in gonadal development (Cerda et al. 1994 , Matsuyama et al. 1994 , and a recent study indicated that the composition of lipids, which differs among cod stocks, may influence maturation and spawning time in Baltic cod (Tomkiewicz et al. 2009 ).
Lipids, and particularly fatty acids, are major dietary factors determining successful reproduction, and serve not only as the preferred source of metabolic energy for the parent fish, but are also crucial for the future requirements of the progeny (Sargent et al. 2002 , Tocher 2003 . Lipids are incorporated into oocyte yolk from dietary sources or from reserves that are stored prior to vitellogenesis, and are sub sequently mobilized and transferred to the ovary (Wiegand 1996) . Not only the quantity, but also the quality of dietary lipids is important, and long chain polyunsaturated fatty acids (PUFA) have been identified as a major dietary factor determining successful reproduction. The PUFAs docosahexaenoic acid (22:6n-3, DHA), eicosapentaenoic acid (20:5n-3, EPA) and arachidonic acid (20:4n-6, ARA) are especially important for egg and larval quality. Docosahexaenoic acid and EPA have a structural role in membrane phospholipids (PL), and EPA and ARA are precursors for eicosanoids including prostaglandins (Sargent et al. 1999b , Tocher 2003 , which have a role in final oocyte maturation and ovulation in fish (Mustafa & Srivastava 1989 , Goetz & Garczynski 1997 , Sorbera et al. 2001 , Lister & Van der Kraak 2008 .
Due to their polyunsaturated nature, PUFAs are highly susceptible to attack by free radicals followed by a reaction with oxygen, which results in lipid peroxidation. The ease of lipid peroxidation is proportional to the number of double bonds present (Sargent et al. 2002) . Peroxidation can have serious consequences for cell membrane structure and function, and highly efficient antioxidant protection is essential. α-tocopherol and carotenoids, particularly astaxanthin in cod (Miki et al. 1982 , Grung et al. 1993 , both have a protective antioxidative role in fish, quenching harmful excited oxygen and free radicals (Syvaoja et al. 1985 , Miki 1991 .
The majority of marine fishes do not possess the ability to synthesize either PUFAs or α-tocopherol and carotenoids themselves (Sargent et al. 2002) . The extent to which fish can convert C 18 fatty acids to C 20/22 varies with species, and is associated with their capacity for fatty acyl desaturation and elongation (Tocher 2003) . Δ6 desaturase activities and PUFA biosynthesis are very low in cod hepatocytes and enterocytes, irrespective of diet (Tocher et al. 2006) . As a consequence, the biosynthesis of PUFAs is very low in cod, and PUFA levels are therefore determined by the dietary intake. Hence, cod depend on PUFAs and tocopherols that are synthesized in phytoplankton or plants and transferred up through the food web, while astaxanthin is synthesized by crustaceans from carotenoid precursors provided by algae, especially β-carotene and zeaxanthin (Matsuno 2001) .
Phytoplankton composition varied in the Baltic Sea between 1979 and 2005 due to increased temperature and decreased salinity and inorganic nitrogen concentrations (Wasmund & Uhlig 2003 , Wasmund et al. 2011 . Strong spring blooms of Diatomophyceae occurred in the 1980s and again from 2000, whereas those of Dinophyceae occurred in the 1990s. It is most likely that these changes have altered fatty acid composition (FAC) in the base of the food web, since FAC differs among phytoplankton groups (Ahlgren et al. 1992 , Viso & Marty 1993 , Dijkman & Kromkamp 2006 . Elevated levels of n-3/n-6 fatty acids in phytoplankton and very high DHA/ARA ratios observed in copepods from the Baltic Sea compared to the Norwegian Sea in a mesocosm enrichment study from 2001 (Ahlgren et al. 2005 ) could indicate such changes taking place within the plankton community. The Baltic copepods are the main prey of Baltic sprat and herring (Möllmann et al. 2004) , which are the most important prey of adult cod in the eastern Baltic Sea (Bagge et al. 1994 , Neuenfeldt & Beyer 2003 . The benthic crustacean Saduria entomon is also sporadically found in cod stomachs. Condition has decreased in Baltic herring since the late 1980s and in Baltic sprat since the 1990s due to increased food competition caused by changes in zooplankton composition concurrent with increased sprat abundance , Casini et al. 2006 . The amount of me senteric fat declined significantly in herring from 1985 to 1991 (Flinkman et al. 1998) , likely reducing the nutritional quality of herring as prey for cod.
Differences in PUFAs were found in the gonad and liver of late maturing cod from the Baltic Sea compared to cod from the North Sea, suggesting that deficiencies in PUFAs might be the underlying cause for the delay in spawning time of cod (Tomkiewicz et al. 2009 ), because no delay in spawning is observed in North Sea cod. To investigate if PUFA requirements for cod reproduction are met, measurements of absolute levels are needed. Cod exhibit determinate fecundity and a multiple batch spawning strategy where vitellogenic oocytes successively undergo final maturation during the process of batch development (Tomkiewicz et al. 2003) . Cod spawning can be extensive; Kjesbu (1989) found that captive North Sea cod spawned up to 17−19 batches over a period of 50 to 60 d. Stores of lipids and fatty acids are grad-ually emptied during the reproductive process, potentially affecting egg quality over the spawning period.
The aim of the present study was to investigate variation in lipid content as well as proportions and absolute values of PUFAs of female Baltic cod gonads and livers during a complete reproductive cycle. In gonads we also investigated levels of α-tocopherol and astaxanthin to measure antioxidant protection. The liver is the primary storage site of lipid energy in cod (Kjesbu et al. 1991) , and we examined whether the lipid composition of cod liver reflected its major prey, sprat and herring, and if it was possible to detect fatty acid 'finger prints' of Saduria entomon.
MATERIALS AND METHODS

Sample collection
Female cod were sampled on board trawl surveys and fisher boats in the central Baltic Sea in February, March, May, July and August 2009 (Fig. 1) . The aim was to sample 5 to 10 females per length group per sampling event in the length classes 30−39, 40−49, 50−59 and > 60 cm, to distribute samples over the most common size groups of reproducing females, including a minimum of 3 female cod of each prevailing maturity stage per sampling. For each female, total length (TL) was measured to the nearest lower integer (cm), whole body weight (BW) and eviscerated body weight (EBW, gonad, liver, stomach and viscera removed) was measured to the nearest g. Gonad weight (GW) and liver weight (LW) were measured to the nearest 0.1 g. Gonadosomatic index (GSI) and hepatosomatic index (HSI) were calculated as: GSI = GW × 100/EBW and HSI = LW × 100/EBW. Gonadal maturity stages of cod (MIII = early ripening, MIV = late ripening, MV = initiation of spawning, MVI = main spawning, MVII = cessation of spawning, MVIII = spent and MIX = resting) were judged from macroscopic characters according to the method of Tomkiewicz et al. (2003) 
Histology
To verify the maturity stage of female cod, ovarian development was evaluated using histological sections. The preserved ovarian tissue was embedded in paraffin using standard procedures, sectioned at 7 µm and stained using hematoxylin and eosin. Sections were analyzed using light microscopy and maturity stages were distinguished on the basis of morphological characteristics of the larger and more advanced oocytes (Tomkiewicz et al. 2003) . The early ripening stage (MIII) is a very diverse stage, and lipid composition may differ among sub-stages. MIII was therefore further divided into 3 sub-stages according to the characteristics of the most advanced oocytes: oocytes with cortical alveoli (CA) only = MIII 0 ; peripheral yolk granules among CA = MIII 1 ; and yolk granules fill most but not the entire cytoplasm = MIII 2 (Tomkiewicz et al. 2003 ). 
Subsampling for lipid analysis
Only adult females ≥40 cm were chosen for lipid analysis. The histological classification regrouped the samples and the target minimum of 3 females of each maturity stage (or sub-stage of MIII) was not achieved in all sampling months; smaller sample sizes for lipid analysis were accepted in these cases. In cases of > 3 females within maturity stages and sampling events, 3 samples were randomly chosen using Research Randomizer (www.randomizer.org/).
For each sampling month, sprat and herring from several stations were separated into 10 mm length classes and pooled (5 to 58 fish per sample) for lipid analysis. Five classes of sprat (80 to 130 mm) and 8 classes of herring (130 to 230 mm) were considered, representing the dominant size range found in cod stomachs (S. Neuenfeldt, pers. comm.) . Specimens of Saduria entomon in various sizes were pooled according to sampling month and station for lipid analysis.
Lipid extraction and determination of lipid content
Sprat, herring and isopods were cut into small pieces, frozen using liquid nitrogen and blended. Lipids were extracted from 5 to 10 g of the blended samples. For cod, the samples of ovary and liver as well as 10 samples of muscle were analysed individually. The extraction was done with a homogeneous mixture of chloroform, methanol and water (2:2:1.8) following the method of Bligh & Dyer (1959) . The method was modified to use a smaller volume of solvents, but the original ratio between chloroform, methanol and water was maintained. Lipid extracts were used for the subsequent lipid class fractionation and determination of FAC as well as for determination of lipid content. Lipid content was determined by gravimetry after evaporation of chloroform, and is expressed as percentage of wet weight of ovary and liver respectively.
Lipid class separation
Lipids from ovary and liver extracts were separated into phospholipids (PL) and neutral lipids (NL) by chromatography on a solid phase consisting of aminopropyl modified silica. Solvents with increasing polarity were used to separate lipid classes. A lipid extract corresponding to 10−100 mg lipid was used for the lipid class separation. Solvents from the lipid extraction were evaporated and the extract was resolubilized in 0.5 ml chloroform and transferred to a Sep-Pak column (Waters Corporation). Neutral lipids were eluted using 4 ml chloroform/2 ml propanol (2:1), and PL were eluated with 6 ml methanol. Eluates were evaporated until almost dry (NL) or to 1−2 ml (PL) under nitrogen. The only lipid class of NL present in cod that contains fatty acids is triacylglycerols (TAG), and this term is used throughout this paper.
Preparation of fatty acid methyl esters (FAME) and analysis of FAC
Eluates of ovary or liver extracts from the lipid class separation and extracts of total lipid from sprat herring and isopods were used for the preparation of FAME using AOCS Official Method Ce 2-66 (AOCS 1998b). FAME were analysed on a HP 5890A gas chromatograph (Hewlett-Packard) equipped with an Omegawax 320 (30 m × 3.2 mm × 0.25 µm) column (Supelco) using AOCS Official Method Ce 1b-89 (AOCS 1998a). The oven temperature programme was 15°C min −1 to 160°C, hold 2 min, 3°C min −1 to 200°C, hold 1 min, 3°C min −1 to 220°C, hold 17 min. A split ratio of 1:25 was used and C23:0 methyl ester was used as an internal standard. The proportion of fatty acids was quantified by calculating its peak area relative to the total peak area (% of total FA) and absolute content of fatty acids was calculated relative to the internal standard and equivalent sample size (mg g −1 wet wt). Absolute total content of fatty acids in ovarian and liver lipid (mg g −1 lipid) was estimated as the sum of absolute content of identified fatty acids (mg g −1 wet wt) in PL and TAG divided by the percentage of lipid content in ovary and liver respectively, assuming that the sum of unidentified fatty acids was more or less constant between samples.
Lipid class determination
Lipid classes were determined using thin-layer chromatography with flame ionization detection (TLC-FID) with Iatroscan MK5. Lipid extracts from gonad and liver were either concentrated or diluted to ensure a concentration ranging from 10 to 20 mg ml −1 . Triplicates of 1 µl samples of lipid extracts were spotted on silica gel coated Chromarods ® (SIII) using an Autospotter (Model SES 3202). Chromarods ® were developed in the following solvent system at 20°C: n-heptane/diethyl ether/formic acid (70:10:0.02, vol:vol:vol) until solvent reach the 90% mark (around 20 min). The chromarods were then heated at 110°C for 5 min to dry the solvent off, and scanned in the Iatroscan. This single development separates the NL classes: TAG, free fatty acids, cholesterol and total PL. Data were analyzed using SES ChromStar software and peak areas were quantified using calibration curves obtained from scans of standards (trilinolein, lynoleic acid, cholesterol and Lalpha-phosphatidylcholin, Sigma-Aldrich).
Tocopherol and astaxanthin
Tocopherol was measured in cod ovary samples and in whole sprat and herring using AOCS Official Method Ce 8-89 (AOCS 1997). Samples of 2 g lipid extract were evaporated under oxygen-free nitrogen, re-dissolved in 1 ml heptanes and mixed for 30 s. Separation of tocopherols was performed by HPLC (Agilent 1100) equipped with a 3 µm Silica column (150 mm × 4.6 mm, Water Spherisorb). Concentration of tocopherol was calculated from the peak area relative to the internal standard (α, β, γ, δ standards, Calbiochem 613424) and equivalent sample size (µg g −1 ). Astaxanthin was measured spectrophotometrically (UV mini 1240) at 485 nm in lipid extract from cod ovary samples and in whole sprat, herring and Saduria entomon, and concentration was calculated using the extinction coefficient E 1% = 2460 and equivalent sample size (µg g −1 ).
Statistical analyses
Multivariate data analysis was performed using the Unscrambler ® v9.1 (CAMO) software. Principal component analyses (PCA) were performed and variables included relative peak areas of 30 identified fatty acids, groups and ratios of fatty acids, HSI, GSI, lipid content, season and maturity stage. Variables were column mean centred and normalised to unit column standard deviation (SD) before calculation of the models. Models were validated by full crossvalidation. Statistical differences in oil and fatty acid content were assessed with R version 2.12. The data were checked for normal distribution and tested with 1-way ANOVA. A comparison between Model 1 (ANOVA including only maturity stage) and Model 2 (ANOVA including both maturity stages and season) was tested with the Bonferroni correction. If no significant differences were found between the models, the simpler Model 1 was used to test differences between maturity stages, followed by a multiple comparison test. If significant differences were found, Model 2 was used. A significance level (p) of 0.05 was applied in all tests.
RESULTS
Sample characteristics
In total, 144 female cod were sampled. After histological validation, 51% of the samples were in developing condition (MIII and MIV), 20% in spawning stages (MV−MVII), 24% in spent or resting stages (MVIII and MIX) and 5% were immature (MII). Females in spawning stages were obtained during May, July and August, representing 50, 93 and 15%, respectively, of the females sampled within each sampling event, indicating the timing of peak spawning and duration of the spawning season. A subsample of 45 cod in maturity sub-stages MIII 0−2 and maturity stages MIV−MIX were chosen for lipid analysis (Table 1) of the female cod for lipid analysis varied between 40 and 92 cm, with an average length of 53.1 cm and average weight of 1.6 kg. There were no significant differences in length and weight among sampled females among maturity stages or seasons (Table 1 ). The size range of sampled cod reflected the composition of spawners in the stock, i.e. the highest proportion is below 2 kg (ages 3 to 6 yr) in the sample area ICES sub-division 25 (ICES 2010). Water content in muscle was significantly higher in fish at the end of spawning (86% in MVII) than at early maturation (81% in MIII 1 ) ( Table 1 ). Due to windy weather in May, it was not possible to use the fine balance on board and the lower accuracy of the balance used (±1 g) resulted in a high variation in muscle water content of maturation stage MIV, MV and MVII. The lipid content of fillets was on average 0.66%. Fatty acid composition in TAG of cod liver in the different months, in relative and absolute content, is shown in Appendix 1. In total, 623 sprat and 641 herring were included in this study. They were pooled into 45 sprat and 62 herring samples, and Saduria entomon were pooled into 4 samples.
Multivariate analysis
Principal components analysis of stored TAG in liver showed that FAC in liver varied with maturation; Principal Component (PC) 1 explained 22% and PC2 explained an additional 15% of the variation in samples (Fig. 2) . Samples of spawning female cod (MV and MVI) were grouped together, except for 1 outlier of MVI (Fig. 2a) . Likewise, samples of cod at the end of spawning (MVII) and resting (MIX) were relatively similar; however, some samples from the 2 groups overlapped. FAC of maturing (MIII and MIV) and resting (MVIII) fish was highly variable; however, MIII samples were mainly located on the left side of the plot. The corresponding loadings plot (Fig. 2b) shows that liver TAG of cod in MIII was characterized by high ARA, 18:1n-7 and 20:1n-7, and that DHA, total n-3 PUFA and EPA/ARA were highest in liver of MVII and MIX cod, while monounsaturated fatty acids (MUFA) were low.
Principal components analysis of ovary PL shows that FAC and other sample characteristics varied with maturation, indicating cyclic dynamics with gonadal maturation (Fig. 3a) . Principal Component 1 explained 27% and PC2 explained an additional 16% of the variation in samples. Fatty acid content of fish in early maturation (MIII 0 and MIII 1 ) was similar to the composition of resting fish (MIX) in the 2nd and 3rd quadrant, while fish in late maturation (MIV) were situated close to the spawning cod (MV and MVI) in the 1st and 4th quadrant, except for 1 outlier. Fish at the end of the early maturation stage (MIII 2 ) and end of spawning (MVII) and spent (MVIII) stages were grouped in transition zones (dotted lines). The corresponding loadings plot (Fig. 3b) shows that ovary PL of cod in early maturation, particularly MIII 0 , were characterized by high levels of 16:1n-7, 24:1n-9, 14:0, 15:0, 16:0 and total saturated fatty acids (SFA), and cod in the resting stage (MIX) were characterized by high levels of ARA, 18:3n-6, total n-6 PUFA and 16:2n-4. Ovary PL in late maturation and spawning were characterized by high GSI, lipid content and high levels of DHA, n-3 PUFA, PUFA, 18:1n-9, total MUFA and tocopherol.
Lipid dynamics and gonadal maturation
Variation in FAC in PL and TAG of liver and ovary in the different maturation stages is shown in Tables 2 & 3. The ANOVA model including both maturity stage (including sub-stages of MIII) and season was not statistically different from the ANOVA model with maturity stage alone for any variable. The only effect of season on FAC was therefore indirect (through maturity stage), and so ANOVA Model 1 was applied to Tables 2 & 3. More fatty acids differed significantly between maturation stages in PL of ovary and liver than in TAG of both organs, where only a few fatty acids differed significantly. The sum of SFAs, dominated by 16:0, did not vary with maturation in any lipid fraction, but was in general higher in PL than in TAG in both ovary and liver. The sum of MUFAs, dominated by 18:1n-9, only varied with maturation in ovary PL and was much higher in TAG than PL of both ovary and liver. The sum of PUFAs varied significantly with maturation in PL and TAG of ovaries, but not in livers, and was higher in PL than TAG of both ovary and liver.
The proportion of DHA increased with gonadal maturation and decreased again after spawning in ovary PL and TAG and liver PL, but did not vary with maturation stage in liver TAG. The proportion of ARA decreased significantly from early to late maturation and/or spawning in all lipid fractions, increased significantly again after spawning in ovary PL, and tended also to increase in ovary TAG. Eicosapentaenoic acid, on the other hand, did not vary sig-nificantly with maturity stage in any lipid fraction. The decrease in ARA resulted in an increase in EPA/ARA ratios in late maturation in ovary PL and TAG and liver PL. proportion of PL in gonads increased to 88% in MVI, while the proportion of TAG decreased to 3% (Fig. 4c) . Average proportions of cholesterol varied be tween 7 and 40%, and free fatty acids (FFA) between 1 and 8% (not shown). In livers, the average proportion of TAG was 89% and PL 7%, with no variation with maturation (Fig. 4d ). Cholesterol and FFA varied between 0 and 4% (not shown). 
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Predator-prey relationships
Fatty acid content of cod liver TAG and FA content of total lipid in herring, sprat and Saduria entomon were compared to identify predator-prey relationships (Fig. 6) . The proportion of 18:0, 16:1n-7, 18:1n-7, and ARA were higher in cod liver than in sprat and herring, while 16:0 and 18:3n-3 were lower. The average proportion of 18:1n-9 in cod was similar to the content in sprat, while level of DHA was similar to that of herring. The level of 18:2n-6 in cod was higher than in sprat, but lower than in herring. The proportions of 16:0 and 18:1n-7 were identical in cod liver and S. entomon, while 16:1n-7, EPA and ARA were found in higher proportions in S. entomon.
Antioxidants in cod and its prey
The only tocopherol homologue detected in ovaries was α-tocopherol. The concentration of α-tocopherol in gonads at different maturity stages is shown in Fig. 7a . The average concentration of α-tocopherol varied be tween 18.5 and 76.5 µg g −1 , with highest levels in late maturing cod. The average concentration of astaxanthin varied between 1.2 and 10.3 µg g −1 (Fig. 7b) , but only MIII 0 and MIX differed significantly. The outlier in MIII 0 had an astaxanthin level of 27.6 µg g −1 ; this ovary had a clear orange colour. The level of tocopherol was closely correlated with the level of lipid in ovaries (r 2 = 0.73, p < 0.01) while astaxanthin showed no relation to lipid level (r 2 = 0.004, p = 0.67) (Fig. 7c) . The average ± SD astaxanthin concentration was 1.2 ± 0.6 µg g −1 in sprat (n = 45), 1.3 ± 0.7 µg g −1 in herring (n = 64) and 10.1 ± 5.4 µg g −1 in Saduria entomon (n = 3) and average α-tocopherol concentration was 1.7 ± 3.4 µg g −1 in sprat and 0.9 ± 2.1 µg g −1 in herring. No significant correlations between lipid level and astaxanthin and α-tocopherol concentration were found in sprat and herring.
DISCUSSION
Investment of lipid energy in reproduction
Cod invested a substantial amount of lipids in reproduction in the present study. Lipid transferred from the liver to the ovaries increased the amount of lipid in ovarian tissue relative to liver 10-fold during gonadal development, due to both the increase in size and lipid content of the ovaries. However, the food intake seemed to sustain high levels of liver energy, because cod had ample lipid energy, and liver lipid did not decrease until late in the reproductive cycle. This is later than is usually reported for wild cod: in Baltic cod, a 45% decrease in liver lipid was detected from early (MIII) to late (MIV) maturation (Shatunovskiy 1971 ) and a pronounced decrease in lipid was found before spawning from winter to spring in Atlantic cod from Balsfjorden in Norway (Eliassen & Vahl 1982) and Nova Scotia in Canada (Jangaard et al. 1967) . The high lipid content in livers at the end of spawning (MVII) in the present study was not expected. The histological evaluation reclassified females of this maturity stage sampled in July and August, when this stage is normally most abundant, and only females from May remained for lipid analysis. Late spawning females are not common in the eastern Baltic in May; therefore, we cannot rule out the possibility that these fish originated from the Western Baltic cod stock that have peak spawning in February to April (Bagge et al. 1994 , Bleil & Oeberst 1997 .
Average GSI and HSI were similar to earlier reports for this stock (e.g. Tomkiewicz et al. 2003) . Hepatosomatic index tended to decrease from the spent (MVIII) to resting stage (MIX) in the present study, which could indicate that those fish had 'skipped' spawning, because this has previously been correlated with low HSI compared to a high HSI in resting fish which had spawned (Tomkiewicz et al. 2003) . Also note that there are some discrepancies between the trend in HSI and lipid content, most likely due to variation in water content in the liver, which was previously reported for Norwegian cod (Eliassen & Vahl 1982) . The amount of lipid energy stored in the liver is crucial for recruitment, as a highly significant linear relationship between total egg production and total lipid energy was observed in the Barents Sea cod stock (Marshall et al. 1999 ).
The increased proportion of PL during spawning in both ovary and liver was most likely caused by a selective retention of PL and a selective catabolism of neutral lipids, especially TAG for reproduction, particularly egg production. Similarly, PL increased with GSI in Baltic herring and farmed trout (Kaitaranta & Ackman 1981) . The variation in proportion of PL during a complete reproductive cycle is not yet described in cod; an increase in absolute content of PL from MIII to MIV and in relative content from MIV to MV was reported for Baltic cod (Shatunovskiy 1971) . Phospholipids accounted for 64% of total lipids in ovaries during main spawning in the present study, which is comparable with earlier studies of cod, where phospholipids accounted for over 70% in ripe ovaries (Tocher & Sargent 1984) and in eggs and larvae (Fraser et al. 1988) .
Selective incorporation of PUFA in ovaries
This study demonstrated a selective incorporation of PUFAs in ovaries during ovarian maturation. The PCA plots of ovary PL (Fig. 3) showed a gradual shift from (1) high levels of SFAs in early maturation, to (2) high lipid content, high levels of n-3 PUFA and low levels of n-6 PUFA in spawning fish, and (3) a shift back towards an immature state after spawning. The PCA plots also confirmed that PUFAs contributed significantly to the differences observed between spawning and non-spawning cod. The proportion of PUFAs was highest in PL compared to TAG, which is consistent with an earlier study of ovaries of cod and other marine fish species (Tocher & Sargent 1984) and is due to the structural role of PL in cell membranes (Sargent et al. 2002) . The increased absolute content of DHA in ovary lipid in late maturation and spawning indicated a selective retention of DHA during ovarian development. The ratio of absolute content of both DHA and EPA in ovary and liver lipid was close to 1:1 during maturation, but increased in MV and MVI, which indicated a selective transfer of these PUFAs from liver to gonad during spawning. Furthermore, the increased DHA/EPA ratio in both ovary and liver tissue during late maturation and spawning indicated a selective catabolism of EPA relative to DHA in fatty acid oxidative processes, producing energy for oogenesis as suggested by Sargent et al. (2002) . The increase in absolute content of EPA, and particularly DHA, in liver lipid in females at the end of spawning (MVII) could be attributed to inclusion of Western stock cod in the samples, as explained above. The role of ARA in maturation processes
Low ARA content and high ratios of EPA to ARA coincided with cod ovarian development. ARA decreased in ovarian lipid in late maturation and spawning, in contrast to an increase in DHA. However, a high absolute content of ARA in ovary lipid compared to liver lipid, together with the strong correlation between absolute ARA levels in lipid of the gonad and liver, provided strong evidence for selective incorporation of this fatty acid into ovaries. The mechanisms underlying lipid deposition in maturing oocytes are not clearly understood, but the link between low levels of ARA and delayed maturation may be evident during oocyte maturation, with the lack of sufficient essential fatty acids for transfer to individual oocytes slowing down the process. However, this needs further verification in experimental studies in vivo and in vitro.
The decrease in ARA resulted in an increased EPA/ARA ratio in late maturation, which could have a negative effect on the activity of eicosanoids. Eicosanoids produced from ARA are more biologically active than those produced from EPA, and thus eicosanoid action is determined by the ratio of ARA to EPA in cellular membranes (Sargent et al. 2002) . The mean proportions of ARA of 1.5 and 1.8% in TAG and PL, respectively, of ovaries in late maturation (MIV) in the present study were lower than the levels of 2.1 and 3.0% observed in ovaries of North Sea cod in 2004, and the EPA/ARA ratio of 7 to 8 in Baltic cod was higher than the ratio of 5 to 6 in North Sea cod, which does not have delayed spawning (J. Tomkiewicz un publ. data). However, mean ARA and EPA/ARA in cod from the North Sea around Scotland in 1984 were similar to Baltic cod (Tocher & Sargent 1984) . Arachidonic acid of 2.7% in total lipids of cod from Nova Scotia (Jangaard et al. 1967) , which primarily spawn in winter, was also higher than in the Baltic; however, EPA/ARA was 8, similar to Baltic cod. However, the 2 latter studies were based on very few specimens, and the study of Jangaard et al. (1967) reported high individual variability. Hence, due to these contradictions and the low number of reference data, the effect of ARA and EPA/ARA on ovarian maturation and spawning time remains unresolved.
A DHA/EPA/ARA ratio around 15/8/1 is recommended for larval nutrition (Sargent et al. 1999a) . The composition of ovaries in the present study did not deviate substantially from this ratio. However, the low ARA level in cod ovaries in late maturation and spawning could have negative effects on egg quality, as similar ARA levels in eggs were correlated with poor quality in cod (Pickova et al. 1997 , Salze et al. 2005 . In rearing experiments, hatching rate was significantly lower for eggs of Baltic cod than those of Skagerrak cod (Pickova & Larsson 1992 , Larsson 1994 , Pickova et al. 1997 , indicating poor egg and larval quality of Baltic cod. Poor larval survival was observed in the mid-1990s and was related to the lack of recovery of the Baltic cod stock despite improved hydrographic conditions in this period . Hence, the low ARA level observed in cod may have affected egg and larval viability in the Baltic Sea. However, this needs further verification in experimental studies.
Other factors influencing spawning time
Low temperatures delay spawning in cod. Experimental results for Atlantic cod report a delay in spawning time by 8 to 10 d with a decrease in temperature of 1°C (Kjesbu 1994) , and cod kept at low temperatures (4°C below ambient) showed a delay in spawning of 1 mo compared to cod kept at ambient temperatures (Kjesbu et al. 2010) . Seasonal peak egg abundance in Baltic cod was also negatively associated with ambient water temperature in January to April in the period from1986 to 1996, but only at low levels of cod spawning biomass (Wieland et al. 2000) . In the succeeding period of 1996 to 2005, spawning stock biomass was low and temperature relatively stable (ICES 2007) . However, the date of peak egg abundance still varied considerably (R. Voss pers. comm.). Time series of temperature in the central Baltic Sea showed an increasing trend, and the annual temperature minimum in intermediate winter water increased by 1.5°C since 1988 (Meier et al. 2006) . Therefore, temperature did not fully explain the shift in spawning time. In contrast, high temperatures were suggested to delay spawning time in halibut Hippoglossus hippoglossus, another coldwater species (Brown et al. 2006) . However, according to the study by Wieland et al. (2000) , this seems unlikely to be the case in Baltic cod.
Changes in age composition may influence the timing of spawning, because many fish species spawn progressively earlier within a season and may produce more egg batches over a longer period as they get older (Wright & Trippel 2009 ). This phenomenon was observed in cod (Marteinsdottir & Björnsson 1999 , Tomkiewicz & Köster 1999 ), but the timing of peak spawning of Baltic cod females did not differ substantially relative to size (Tomkiewicz & Köster 1999 , Tomkiewicz & Kraus 2005 . Hence, it was concluded that changes in age composition were unlikely to be a major cause of delayed spawning.
Predator-prey relationships
The approach of tracing trophic pathways by comparing TAG of storage lipid and total lipid of whole prey followed the recommendations of Iverson (2009) . Fatty acids of whole captive cod were found to reflect their diet after 3 wk or less, as no samples were taken earlier (Kirsch et al. 1998) . In cod, dietary lipids are primarily stored in the liver (Lambert & Dutil 1997) , and like most marine predators, cod consume their prey whole. Thus, liver samples most likely reflect dietary content earlier than muscle samples. The present results indicated a selective catabolism of 16:0 and selective incorporation of DHA, ARA, 18:1n-9 and 18:1n-7 in cod liver TAG. This is consistent with SFAs being predominantly mobilized for metabolic purposes, whereas 18:1 (Weber et al. 2003) and PUFAs are mainly retained (Sargent et al. 2002 , Dalsgaard & St John 2004 . Furthermore, low SFAs can be due to low assimilation, because the digestibility of fatty acids decreases with saturation (Koven et al. 1994 , Olsen et al. 2004 ). The average proportion of 18:1n-9 and DHA in cod liver compared to proportions in sprat and herring indicated a mixed diet consisting of these 2 clupeids. The ratio of 18:1n-9 to DHA was almost twice as high in sprat than in herring and could function as a biomarker indicating the ratio of sprat and herring in cod diet.
The difference in FAC between sprat and herring was most likely due to differences in prey selectivity. In spring, both sprat and herring prey mainly on copepods, but in addition, sprat feed on cladocerans in summer and autumn (Möllmann et al. 2004) , and larger herring favour mysids, amphipods and polychaetes, especially in autumn and winter (Casini et al. 2004) . Herring were observed to switch from feeding mainly on adult stages of Pseudocalanus sp. to feeding mainly on young stages of Temora longicornis with increasing competition from sprat (Möll-mann & Köster 2002) . DHA was very abundant in T. longicornis compared to Pseudocalanus sp., which were very rich in 18:1n-9 (Peters 2006 , Peters et al. 2006 , which could explain the difference in the 18:1n-9/DHA ratio between sprat and herring.
The level of 16:1n-7 could indicate a trace of the crustacean Saduria entomon in cod diet. Dietary 16:1n-7 is a good lipid biomarker because it does not seem to be altered by marine animals. The content of this FA does not enter the internal biosynthetic pathway in copepods as it may only be elongated to longer-chain (n-7) isomers (Sargent & Henderson 1986) , which are generally not detected in large amounts in calanoid copepods (Sargent & FalkPetersen 1988) . This is probably the same in fish, as indicated by a study where cod larvae fed monocultures of either diatom or dinoflagellates reflected the 16:1n-7/16:0 ratio of the phytoplankton after 13 d (St John & Lund 1996) . We would therefore expect this fatty acid to be similar in cod liver and prey. However, the average proportion of 16:1n-7 was slightly higher in cod than its main prey, sprat and herring, which indicated a small proportion of S. entomon in the diet of Baltic cod. S. entomon was an important prey in the 1980s, when it contributed up to 30% of food consumption in the Central Baltic Sea (Zalachowski 1985 , Uzars 1994 ), but it declined by at least a factor of 2 between 1985 and 1990 (Uzars 1994) . The hypoxic zone in the Baltic Sea has increased in area about 4-fold since 1960 (Zillen et al. 2008 ) and abundance of S. entomon was low in hypoxic areas (Janas et al. 2004) . A low proportion of S. entomon in cod diet is most likely to affect the ARA level in cod.
Antioxidant dynamics
The present study indicated an accumulation of α-tocopherol (vitamin E) during early ovarian development. Changes in tocopherol levels in cod ovaries with maturation have not yet been published, but the concentration in this study was on average 46 × higher than in cod muscle from the northern part of the Baltic Sea (Syvaoja et al. 1985 ). An accumulation of α-tocopherol in ovaries is consistent with transport from muscle to ovary during vitellogenesis, as indicated in a study of salmon (Lie et al. 1994) . The average concentration of α-tocopherol in cod ovaries was 12 and 89 × greater than the Baltic herring and sprat respectively, and hence an accumulation in ovary compared to dietary concentration was evident. However, in a feeding trial with Atlantic cod, vitamin E concentration in muscle was not correlated with dietary vitamin E level, but was instead negatively correlated with dietary lipid content ). Higher dietary vitamin E concentrations significantly decreased muscle concentrations of thiobarbituric acid reactive substances, which are an index of lipid peroxidation and oxidative stress. We suggest that tocopherol was actively transported to the ovaries during vitellogenesis, and the decrease in concentration from late maturation (MIII 2 ) to end of spawning (MVII) was caused by the antioxidant protection activity due to the increased levels of DHA.
Astaxanthin levels in cod ovaries were higher than in whole sprat and herring, indicating selective retention in the ovaries. This result is consistent with an accumulation of astaxanthin in ovaries compared to other tissues found in a recent study on Baltic cod (Nie et al. 2011) . Astaxanthin levels were much higher in stomachs of sprat and herring compared to muscle, indicating that a direct transfer of crustacean astaxanthin from the clupeid stomach to piscivores is important (Nie et al. 2011) . Astaxanthin levels in clupeids are therefore influenced by diet, and transfer of astaxanthin to higher trophic levels is consequently low in periods of starvation. However, the measured astaxanthin concentration in whole sprat and herring in the present study was approximately 10 × higher than calculated from the weighted concentration of gonad, liver, muscle and stomach by Nie et al. (2011) . This could indicate that a substantial proportion of astaxanthin is found in other body parts of clupeid such as skin, brain, kidneys and plasma, as reported for cod and salmon (Bell et al. 2000 , Ytrestoyl & Bjerkeng 2007 . Saduria entomon had on average 8 × more astaxanthin than sprat and herring in the present study, as do many other Baltic crustaceans (Czeczuga 1976) . Crustaceans can thus be considered an important dietary component, and consequently, a decreased intake of crustaceans would affect astaxanthin levels. The concentration of astaxanthin was on average 17× lower than α-tocopherol, but the defense mechanisms of astaxanthin were observed to be 100× greater (Miki 1991) . Low astaxanthin levels during late maturation and spawning may cause inadequate antioxidant protection during maturation, which is critical due to high levels of PUFAs.
CONCLUSIONS
This study demonstrated an increase in relative lipid content in ovaries of Baltic cod during ovarian development and a notable decrease during maturation. Fatty acid content of the ovary and liver varied with maturity stage, and selective retention of DHA and ARA in ovaries during ovarian maturation was evident. Despite mobilization of ARA from the liver, the level of ARA in ovaries decreased in late maturation and during spawning. Low ARA content and a high ratio of EPA to ARA coincided with cod ovarian development in the central Baltic Sea. The antioxidants α-tocopherol and astaxanthin were accumulated in cod ovaries compared to prey, and decreased in late maturation and spawning due to antioxidant protection activity. The novel information on linkages between reproduction and lipid dynamics in Baltic cod provided in this manuscript is important because it enhances the understanding of lipid requirements in cod. However, experimental investigations of the detailed role of ARA in gonadal maturation, ovulation and for egg and larval quality in cod are needed to fully understand the underlying physiological processes involved. 
